This paper presents the design of finger mechanism with one active DOF that combines underactuation mechanism and spring elements. The three phalanges of human finger can not only rotate simultaneously with a certain ratio before touching the grasped object, but can also envelop the object successively even if some of them are blocked, called the Couple-Adaptive feature. To realize this function in the finger mechanism, a novel underactuated four-bar mechanism is proposed in this paper. The kinematics model has been derived based on a vector analysis. The simulations of kinematic analysis show that this underactuated finger mechanism has anthropomorphic motion and grasping feature. And its workspace indicates that this prosthetic finger could complete most of grasping tasks.
INTRODUCTION
Replicating the function of human hand on robotic hands is the goal of many engineers. Over the past decades, numerous researches concerning the development of a versatile and dexterity hand have been done, and a certain achievement has been already gotten. Pioneer designs include: the Utah/MIT hand [1] , the Shadow Dexterous Hand [2] and so on. They possess tens of degrees of freedoms and can realize many routine functions of human hands for they are equipped with multiple actuators and lots of sensors. However, the bulky mechanical structure, the complexity control system and the expensive manufacture costs restrain its popularity among amputees and commercial applications.
In order to reduce the number of DOFs (degrees of freedoms) and actuators to build fingers with low-cost and easy-operation, a series of work have been conducted. In 1998, a kind of underactuated finger mechanism based on four-bar linkage and triggered springs was proposed in an US patent [3] by Cosslelin et al. Due to the use of the spring elements, the DOFs of the finger mechanism are reduced to be single when ap-proaching to the grasped object, and the finger would rotate with the metacarpophalangeal joint as a whole part. But once the proximal or middle phalanx is blocked, its consecutive phalanges can overcome the triggered springs and envelop the object completely. In [4] , underactuation applied in robotic hand grasping is reported. Underactuation, which can reduce the number of actuators of the mechanism but not its DOF, can lead to self-adaptability and stably grasp when applied to mechanical fingers. Based on it, several prototypes were developed, such as the DLR hand in [5] . However, all of them share the common drawbacks that are unable to couple like human finger between three phalanges.
The University of Toronto developed a passive adaptive prosthetic hand in [6] , in which a kind of single degree of freedom finger mechanism based on linkage is presented. Unlike the underactuated finger mechanism, the movement of its three joints are coupled each other before the finger touches an object. It is the motion-coupling finger mechanism, similar designs include the LARM hand [7] and the Southampton/Remedi hand [8] . Ref. [9] has reviewed the existing motion-coupling finger and proposes two new 1-DOF motion-coupling linkage mechanisms for finger.
Compared with the underactuated finger, the motion-coupling finger mechanism can reconstruct the motion feature of human finger through suitable design. Nevertheless, it cannot envelope object selfadaptively during grasping, which is very important for stable grasp. An improved LARM finger mechanism is presented in [10] by Wu et al. It can not only realize motion-coupling between the proximal phalange and the middle phalange, but also wrap the grasped object self-adaptively because of using a torsional spring and a linear spring. In [11] , the authors realize the coupling motion between the middle phalanx and the distal phalanx by using a coupling bar. Though these two types of finger mechanism integrate coupled and underactuated functions in some degree, they are still incapable of anthropomorphic movement characteristics.
In this paper, a novel four-bar mechanism based on coupling bars and linear springs is proposed in section 2. The mechanical principle of the finger mechanism is in section 3 as a base for kinematic analysis. In section 4, the kinematics model of the finger mechanism is built. Finally, in section 5, a 3D prototype is modeled with SolidWorks and a grasping simulation is done in SolidWorks motion and Matlab. Conclusions are summarized in section 6.
COUPLE-ADAPTIVE UNDERACTUATED FINGER MECHANISM
The three phalanges of human finger can not only couple with each other during a natural flex process, but also self-adapt to objects with various shapes and sizes even if the lower parts are blocked, called the couple-adaptive function. It's a very important feature for aesthetics and stable grasp. Through a detailed review in section 1 of this paper, the existing linkage-based mechanisms for finger can be mainly divided into three categories: the self-adaptive underactuated finger, the motion-coupling finger, and the semi-couple-adaptive finger. Actually, both of the underactuated finger and the semi-couple-adaptive finger cannot bend three human-shaped phalanges and they are not suitable for pinching and grasping. The motion-coupling finger can realize anthropomorphic motion characteristic through suitable dimensional optimization, but with just one DOF, it cannot wrap the grasped object once the lower phalanx is blocked.
To overcome the shortages of traditional mechanical fingers described above, a novel couple-adaptive underactuated finger mechanism is put forward in the following parts.
The transmission mechanism of a self-adaptive underactuated finger is composed of two four-bar linkages in serial essentially. Since the total number of DOF of this mechanism is three, two joints must be locked temporarily by spring elements to prevent any undesired motions in the case of just one actuator is used. However, any relative motions of the middle phalanx to the proximal phalanx (or the distal phalanx to the middle phalanx) are impossible unless one of the phalanges is impeded by the grasped object, which leads to a stiff and unnatural feature of the finger. It seems contradictory to realize coupling and selfadaptive function in this finger mechanism at the same time. Therefore, a novel parallel-serial four-bar finger mechanism based on linkage and linear springs is illustrated in Figure 1 : It has eleven links and two linear springs. Link s1 is assembled at the base. Links 4, 5 and 6 are the three phalanges which jointed at O, N and I. Link 1 is driven directly by a motor. Link c1 is composed of two parts which can move relatively in its direction if the connected linear spring 1 is deformed. However, if the linear spring 1 isn't deformed, i.e., the mechanical finger flexes naturally, link c1 is equivalent to a rigid link. The same structure is inherited by link c2. Link s2 is fixed at phalanx 1. All joints shown in Figure 1 are rotational joints.
Referring to Figure 1 , the proposed finger mechanisms are series of two parallel four-bar linkages. Four-bar linkage s1-1-2-c1 and the cross four-bar linkage s1-c1-3-4 constitute the first parallel mechanism, and the second parallel four-bar linkage consists of linkage s2-3-7-c2 and linkage s2-c2-8-5. When the link 1 is actuated by the motor, link c1 rotates with joint P because of the movement of link 2. At the same time, link c1 will actuate the phalanx 1 (being link 4) through link 3. Following the same principle, the phalanx 2 (being link 5) will be actuated by link 3. Therefore, the coupling among phalanx 1, phalanx 2 and phalanx 3 are realized as a result of the relative movement of link 3 to link 4, and link 8 to link 5.
Actually, it can be calculated that the freedom of the finger mechanism is single if both of link c1 and c2 are rigid. However, if the linear spring 1 and linear spring 2 within the two links are deformed, two additional freedoms will be increased, which means that the finger can envelop the object during grasping. Hence, the proposed underactuated finger mechanism is coupling and self-adaptive.
MECHANICAL PRINCIPLE OF THE FINGER MECHAMISM
The moving process of the finger during grasping consists of two stages: the anthropomorphic motion-coupling process and the self-adaptive underactuated grasping process. During each stage, the mechanism of the parallel four-bar linkage is different.
In the first stage, the links c1 and c2 are equivalent to rigid links because of the coefficient of the linear spring. The motion of phalanx 1, phalanx 2 and phalanx 3 is coupled with each other as described above, and an anthropomorphic motion trajectory of the fingertip can be gotten if the structure parameters are designed suitably. The equivalent virtual mechanism of the parallel four-bar linkage can be illustrated in Figure 2 : Once the finger contacts with the grasped object, the second stage starts. In this stage, three situations may occur because of the different sequences of the phalange contacted with object. If phalanx 1 contacts with the object (which is fixed) firstly, link 4 will be blocked, and link 1 actuates link 3 directly through the movement of link 2. Then, the linear spring 1 within link c1 is stretched. The equivalent virtual mechanism of the first level parallel four-bar mechanism can be illustrated in Figure 3 . Phalanx 2 couples with phalanx 3 unceasingly before contacting with the object. When link 5 (phalanx 2) is impeded by the object as well as phalanx 1, link 3 will actuate link 8 following the same mechanism as Figure 3 presents. The grasping process finishes as phalanx 3 contacting with the object. If phalanx 2 contacts with the object earlier than phalanx 1, both of link 4 and link 5 are stopped. Link 1 actuates link 3 and link 8 through link 2 and link 7 until phalanx 3 contacts with the object. If phalanx 3 touches the object earlier than phalanx 1 and phalanx 2, which is the situation 3, the grasping process ter-minates. However, the finger mechanism can grasp the object self-adaptively whatever situation occurs.
A KINEMATIC ANALYSIS OF FINGER MECHANISM
In order to design a mechanical finger with anthropomorphic motion trajectory and human-like grasping force distribution characteristics, the kinematic and kinetostatics behavior of the proposed finger mechanism must be analyzed as a base for optimization. The anthropomorphic motion trajectory is based on a model of the fingertip displacement and joint angle equations of the finger mechanism. Hence, a coordinate system has been established at joint O and the kinematical parameters are identified as shown in Figure 4 : As shown in Figure 3 , (l i (i=1,2,…8,s1,s2,c1,c2)) and ( 1, 2, 3) i i   are the structure parameters of the mechanism. θ i (i=2,3,…8) are the angles measured in a counter-clockwise direction from the x coordinate to link i, α i (i=12,3) represent angles of the phalanges relative to each other, both of which are the configuration parameters of the mechanism.
The kinematic characteristics of the finger mechanism are different from each other during natural flexing and grasping process as discussed in section 3.
Kinematic analysis of the finger during natural flexing
In this process, the finger acts as a 1-DOF mechanism, and the only input variable is θ 1 , which is angle of the driving bar. It is supposed that the structure parameters of the mechanism are given, then, the configuration variables and the fingertip displacement can be calculated by a vector analysis as follows. Based on the geometry in Figure 4 , position vectors from P to Q can be calculated as:
According to the Law of Cosines, the length of PQ, ∠OPQ and ∠QPM can be calculated as: 
Where: 11 11 , ,
Hence, we can get the angle of phalanx 1 with respect to the x coordinate as:
With:
Thus, the angel between link 3 and link 4 can be obtained as: 
Because of the similarity of the series of two parallel four-bar linkage in structure, we can obtain the equation of ∠KNI and ∠NIL through the same calculation method. They are given as follows: 
Therefore, the angles of phalanx 2 and phalanx 3, and fingertip displacement of the finger mechanism can be obtained as: 
Kinematics of the finger during grasping
The grasping process of the finger mechanism starts with the moment when phalanx 1 making contact with the object as shown in Figure 5 : Then, the first level parallel four-bar linkage acts as the equivalent mechanism illustrated in Figure 3 . Suppose the value of θ 4 at this moment is θ 4 c, which can be obtained from the equation (6) . Therefore, the angle between link 3 and link 4 in this process can be calculated as: Then the deformations of the linear spring 1 can be calculated as:
In which, l NP can be obtained from equation (9), and: 
When the phalanx 2 starts to make contact with the object, the angle of α 1 won't change any more, and it can be calculated as:
In which, ∠KNI 2 is the value of ∠KNI at the moment, and it can be obtained from the equation The position of rotation angle among 3 phalanges and input angle θ 1 is calculated, and the simulation results are shown in Figure 6 : In addition, the fingertip follows a stereotypical trajectory as shown in Figure 7 .
And according to the above kinematic model, we can obtain the working space and envelope curve of fingertip as shown in Figure 8 . Results of the numerical simulation show that the finger mechanism can not only realize the anthropomorphic coupling motion, but also envelope objects with various shapes and sizes self-adaptively. Figure 8 . The fingertip working space and its envelope curve
CONCLUSIONS
In this paper a novel three-jointed underactuated finger mechanism is proposed. The mechanical principle of the finger mechanism is a base for kinematic analysis. The kinematic characteristic of the mechanism is analyzed. Through a numerical simulation, the fingertip working space and its envelope curve of the finger mechanism are obtained. Results show that the finger which not only has anthropomorphic motion-coupling function, but also envelops the object self-adaptively during the grasping process, and both of them are essential for aesthetics and stable grasp. 
